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These aggregates are enriched in truncated HTT protein species that are either generated by several proteases or are a result of an aberrantly spliced exon1-transcript and contain the polyglutamine stretch. Aggregate-prone HTT proteins play a crucial role in disease pathology, but it is still unclear if the aggregates or folding intermediates thereof represent the toxic species. Hence, it seems that there are multiple mechanisms that each contribute a little bit to toxicity [2] [3] [4] [5] [6] .
A growing body of evidence argues that, in addition to aggregate-prone proteins, the CAG repeat mRNA itself contributes to neurotoxicity in CAG repeat expansion disorders.
Mechanistically, this likely involves a gain-of-function at the RNA level [7, 8] . Mutant HTT mRNA differs structurally from mRNA with physiological CAG repeat lengths. While HTT transcripts with non-disease causing numbers of repeats either exhibit a very short or no CAG repeat hairpin structure, in transcripts with disease-associated numbers of repeats, a CAG hairpin is present and extended from a three-helix junction [9, 10] . Aberrant binding of proteins to these pathological RNA structures may lead to aberrant functions of such RNA-protein complexes and may contribute to HD pathogenesis [8, 11] .
Several examples of RNA-binding proteins that are trapped by mutant HTT RNA have been published to date. For example, the splicing factor muscleblind 1 (MBNL1) colocalizes with the mutant CAG repeat RNA and as a result, the splicing patterns of known MBNL1 target mRNAs are altered in cell models and in HD patient cells [12] .
Another example is the endonuclease DICER that is an essential component of the siRNA machinery. In cell models as well as mouse models of HD the mutant CAG repeat RNA is cleaved by DICER into 21nt long small CAG-repeated RNAs (sCAGs), which are A C C E P T E D M A N U S C R I P T able to bind to CTG repeat containing genes through the RNA interference machinery.
Consequently, this leads to deregulated expression of CTG repeat containing genes [13] . Furthermore, proteins that are trapped by mutant HTT RNA are translational regulators that functionally induce translation of mutant polyglutamine protein upon binding, like the ubiquitin ligase MID1 [14] . These results suggest that there will be more RNA-binding proteins similarly recruited to mutant HTT mRNA and exert abnormal function und thus could contribute to HD pathology.
In this study we investigated in an unbiased experimental approach which proteins are captured by HTT RNA in a CAG repeat length-dependent manner. Our data show that the majority of proteins that are sequestered by mutant HTT RNA belong to the spliceosome pathway. In line with this observation we show that expression of mutant HTT induces mis-splicing in an HD cell model. Furthermore, we show that overexpression of one of the splice factors trapped by mutant HTT rescues the toxic phenotype in an HD fly model. Finally, we show that deregulated splicing occurs in human HD brain. Our data suggest that deregulated splicing is a major mechanism of RNA-induced toxicity in HD.
Mutant HTT RNA captures proteins that belong to the splicing pathway To identify proteins that are captured by mutant HTT exon 1 (ex1) RNA and may be involved in RNA-mediated neurotoxicity, we performed an RNA-protein binding experiment using in vitro transcribed HTTex1 RNAs containing wildtype or mutant CAG repeats immobilized on magnetic beads as baits. After incubation with cell extracts to allow RNA-protein binding, beads were washed and RNA-bound proteins were eluted and analyzed by quantitative mass spectrometry. By this approach we identified 134 proteins that specifically bound to HTTex1 RNA ( Supplementary Fig 1) . Thirty-six of splice site gets cleaved, a looped structure, called lariat, is removed and the two exons are covalently linked [15, 16] . Interestingly, the 36 identified proteins that bind HTT RNA in a CAG repeat length dependent manner include proteins of all snRNPs, U1, U2, U4, U5 and U6. Among the identified proteins is SRSF6, a known mutant HTT RNA interactor [17] . Furthermore, the identified proteins include PRPF8, a splicing factor that is linked to polyglutamine-mediated toxicity [18] , as well as to the pathogenesis of retinitis pigmentosa, a progressive neurodegenerative disease [19] . To validate the mass spectrometry data, we repeated the RNA-protein binding experiment and detected all four splicing factors tested, including the U5 subunit PRPF8, by western blot (Figure 1c 
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Overexpression of PrP8 rescues the HD phenotype
The above-mentioned experiments demonstrate that splice factors including PRPF8 get trapped by mutant HTT RNA suggesting that they are thereby functionally impaired leading to mis-splicing. This deregulated splicing may be a molecular mechanism underlying toxicity of mutant CAG repeat RNA. Thus, overexpression of splice factors like PRPF8 should ameliorate the HD phenotype. To test this hypothesis, we used an established Drosophila model for HD that expresses mutant human HTTex1 with 97 CAG repeats under the control of the eye-specific GMR-Gal4 driver, inducing loss of pigment cells [25] . Strikingly, co-expression of the PRPF8 homologue Prp8 improved the eye phenotype, supporting our finding that mis-splicing is a molecular mechanism underlying toxicity of mutant CAG repeat RNA (Figure 3a,b) . Of note, we suppose that co-expression of further splicing factors would further suppress HTT polyQ toxicity in the fly eye.
CREB1 is mis-spliced in HD brains
Finally, to test if mis-splicing also occurs in human HD brain, we detected IR in CREB1 transcripts by qRT-PCR in human brain samples of HD patients and controls. Strikingly, we observed a significant increase in CREB1 intron retention in brain tissue of HD patients (Figure 3c ).
To conclude, we present here an unbiased experimental approach to identify proteins that are captured by mutant HTTex1 RNA. The majority of these proteins are splicing factors and their capturing results in deregulated splicing of several RNAs including CREB1. Our findings corroborate previously shown deregulated CREB1 function in neurodegenerative phenotypes and HD [21] [22] [23] [24] . Additionally, this recruitment of splicing factors supports the previous observation that mutant HTT RNA sequesters splicing A C C E P T E D M A N U S C R I P T factors such as SRSF6 (also identified here), which induces missplicing of HTT transcript itself [17, 26] . Our findings are substantiated by a recent study describing extensive mis-splicing in HD brains [27] . Our results encourage further development of RNA-targeting strategies to inhibit aberrant RNA-protein interactions and thus stop mechanisms of RNA-induced toxicity in HD.
Materials and Methods
RNA pulldown
HTT exon 1 with varying CAG-repeat lengths was PCR amplified using GoTaq® Green Master Mix (Promega). The forward primer contains the T7 phage promotor sequence to facilitate in vitro RNA synthesis by T7 RNA polymerase. The purified PCR product was subjected to in vitro transcription using the T7 RiboMAX™ Express Large Scale RNA Production System (Promega) with addition 0.5 mM biotin-UTP (Thermo Fisher Scientific, AM8450). Biotinylated RNA was purified and folded in RNA structure buffer DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol). After incubation at 95 °C for 10 min, the eluted proteins were processed for either western blot or mass spectrometry analysis. For mass spectrometry analysis the experiment was repeated five times on different days using different preparations of RNA and cell lysates.
Mass spectrometry and data analysis
The eluted proteins were concentrated into one band on an SDS-PAGE gel. The band was excised and the proteins were processed using an automated sample preparation setup [28] . The generated peptides were purified on StageTips [29] . The samples were measured on a Q-Exactive mass spectrometer (Thermo-Fisher) coupled to a Proxeon nano-LC system (Thermo-Fisher) in data-dependent acquisition mode, selecting the top Proteomic data analysis was performed using the Perseus computational platform [31] (version 1.5.0.0) and R [32] (version 3.3) . The results in ProteinGroups.txt were filtered by removing all entries corresponding to "Reverse", "Contaminant" or "Only identified by site". Next, the protein LFQ intensity values were log2 transformed and filtered for at
A C C E P T E D M A N U S C R I P T least four valid values in at least one group (C, H20, H51 or H72). The missing values
were imputed from a normal distribution with a width of 0.3 and a down shift of 1.8.
Proteins, binding in a length-dependent manner, were identified with limma [33] (version 3.30.13) using a two pass approach. First, proteins that were significantly enriched by the CAG repeats were identified using a contrast that compares the average LFQ protein intensity across the CAG repeats against the control. Second, the subset of significantly enriched proteins (adjusted p-value < 0.01) was analyzed using a three way, pair-wise comparison of the difference in LFQ intensity between a CAG repeat and the control.
The p-values of the three comparisons were corrected for multiple testing using limma's decide Tests function; the method argument was set to "global", the adjust method argument was set to "BH". The proteins showing positive, significant difference in at least one comparison while not showing a negative, significant difference in any of the comparisons were designated as binding in a length-dependent manner.
For Gene Ontology Analysis of proteins binding CAG length-dependently ToppGene Suite was used [34] . Proteins annotated with terms associated with splicing were manually mapped to the specific spliceosomal complexes [35] .
Generation of stable cell line
To generate cell lines expressing Q68-GFP upon Tetracyclin induction we used the Lenti-X Tet-On 3G Inducible Expression System (Clontech Laboratories). HTT exon1 with 68 CAG repeats fused to GFP was cloned in the inducible expression vector pLVX 
Analysis of splice site strengths
We used the MaxEntScan algorithm [36] to compare splice site strengths of retained to non-retained introns. 
Quantitative RT-PCR
Total RNA was isolated using the RNeasy Mini Kit (Qiagen). cDNA was synthesized using the TaqMan reverse transcription reagents kit (Applied Biosystems) and real-time PCR was carried out using the SYBRGreen PCR master mix (Applied Biosystems).
Samples were analysed in quadruplicates. Data shown represent mean ± SEM. Primers 
Human postmortem brain samples
Human brain tissue was collected and stored as previously described [37] . 
Drosophila genetics
The GMR-Gal4 stock was kindly provided by P. Meier (ICR, London), UAS-flag-Prp8 stock was a gift from M. Uhlirova, University of Cologne, Germany [38] and UASHttEx1Q97 was obtained from Bloomington stock center (#68417). Flies were raised on standard fly medium and crossed at 25°C. Progenies were moved to 27°C at day 3.
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